This prospective clinical study was performed to determine acid-base regulating variables during abdominal lavage treatment for patients with severe peritonitis or after abdominal surgery. Arterial blood was sampled from twelve patients with secondary peritonitis and nine patients after abdominal surgery without peritonitis at three time points: immediately before, immediately after and 15 minutes after abdominal lavage with normal saline solution. The total amount of irrigant fluid, the strong ion difference [(Na + +K + )-(Cl -+lactate -)], and total protein concentrations were determined and standard bicarbonate, standard base excess were calculated from pH and PaCO 2 . Peritonitis patients developed a moderate alkalaemia (pH 7.440-7.485). The alkalaemia was unmasked after optimization of mild hypoventilation, but was supported by a decrease in protein concentration of about 3.4 mEql/l in the first 15 minutes after the lavage. There was no marked increase in chloride concentration in either the peritonitis or the control group. The data indirectly exclude major fluid absorption during abdominal lavage with 3000 to 6000 ml normal saline, given that we found no clinically relevant electrolyte and acid-base changes that might be expected after rapid fluid absorption. The factors of major influence in acid-base regulation were ventilation and protein loss in the course of abdominal lavage. Monitoring of the Stewart variables is an easily applicable method of monitoring acid-base regulating variables in the perioperative course of patients undergoing abdominal lavage therapy.
Staged abdominal lavage is routinely performed in our institution in the management of severe forms of diffuse peritonitis. While its efficacy in improving survival and avoiding potential surgical complications (such as increased intestinal fistula or inability to close the abdomen) are topics of controversial surgical discussion [1] [2] [3] [4] , no conclusions have been reached about the metabolic consequences of flushing the abdominal cavity with normal saline. Theoretically, irrigation fluid may be absorbed from the abdominal cavity. Since the introduction of continuous peritoneal dialysis in nephrology, fluid absorption through lymphatic vessels in the diaphragm and the peritoneal surface has been a well-recognised phenomenon [5] [6] [7] [8] [9] .
Recently, we and others [10] [11] [12] have characterized in more detail the acid-base effects of intravenous infusion of large amounts of normal saline during prolonged surgery and also systemic fluid absorption of electrolyte-free irrigation solution during transurethral resection of the prostate. This has been aided by a new concept in the understanding of acid-base regulation called the "physicochemical approach", based on the work of Stewart almost 15 years ago 13 .
Rapid saline infusion resulted in a low strong ion difference acidosis due to the higher than physiological (154 mmol/l) chloride concentrations in so called "normal" saline 10 . Theoretically, peritoneal absorption of large amounts of normal saline equals fast intravenous infusion and therefore introduces the risk of rapid development of low strong ion difference acidosis or clinically relevant serum electrolyte changes. As fluid absorption might lead to haemodilution of plasma proteins and consecutively hypoproteinaemia, this could result in metabolic alkalaemia. However, we have already demonstrated that haemodilution also dilutes the strong ions and causes a low strong ion difference acidosis 12 . Nevertheless, among patients with severe peritonitis, potential protein loss from the bowel wall and peritoneum may be another factor influencing the acid-base balance.
Given that there are no conclusive data about the acid-base balance in patients undergoing abdominal lavage and in order to evaluate the possible risks of peritoneal irrigation solution absorption and protein loss during lavage, we studied the perioperative course of acid-base changes using our simplified model according to the Stewart approach [13] [14] [15] [16] . We studied a control group of non-infected patients scheduled for elective abdominal surgery and patients with peritonitis. We hypothesized that peritoneal lavage would lead to systemic uptake of saline and this effect would be greater among patients with peritonitis. We also anticipated that possible rapid fluid absorption during abdominal lavage might lead to iatrogenic metabolic acidosis.
METHODS
After institutional review board approval, we determined the acid-base status in consecutive patients with peritonitis undergoing abdominal lavage procedures and in a control group of patients with abdominal lavage after elective abdominal surgery. In the control group, patients with apparent cardiac, pulmonary, renal or infectious disease, a history of diabetes mellitus or a pre-existing metabolic acidosis (BE<4), were excluded.
Our strategy is to transfer patients to the operating room for abdominal lavage, provided they are not receiving high doses of vasopressor, or haemodynamically unstable or hypoxaemic. Usually during lavage the abdomen is kept open and abdominal closure is not performed until a decision has been made that there is no further need for lavage. During transport from to the operating theatre, the patients were mechanically ventilated with the aid of muscle relaxants and arterial blood pressure, electrocardiogram and oxygen saturation monitored. During the operation the end-tidal carbon dioxide partial pressure was monitored with capnometry and kept as close as possible to slight hyperventilation (30 to 35 mmHg). For abdominal lavage the abdominal cavity was flushed with warmed normal saline solution, the volume dependent on the degree of the contamination of the peritoneum. This was washed until the irrigation fluid from the peritoneal cavity became clear. At elective surgery the abdomen was routinely washed with 3500 to 4000 ml normal saline at the end of the operation. The total amount of irrigation solution used for lavage and the total volume of intravenous fluid administered were recorded. During the abdominal lavage all patients remained under general anesthesia. Intravenous therapy consisted of crystalloid and colloidal (hydroxyethyl starch) solutions, fresh frozen plasma or packed red blood cells when necessary. All patients had central venous catheters inserted for fluid administration and repeated measurements of the central venous pressure (CVP) as a guide to fluid therapy. During the lavage the goal directed CVP was over 15 cmH 2 O. Warmed blankets and application of warmed infusion solutions were used to keep the body temperature stable.
To describe changes in the acid-base status we measured pH, P a CO 2 , and the plasma concentrations of sodium [Na + ], potassium [K + ], lactate [Lac -] and chloride [Cl -], all measured by a blood gas analyser (Radiometer ABL 40, Copenhagen, Norway) which automatically calculated the standard base excess (sBE) and standard serum bicarbonate concentration [sHCO 3 -]. Additionally, we determined total serum protein and albumin concentrations using the Biuret method to calculate the total amount of weak acid [Prot -] given in mEql/l by multiplying the total protein concentration (g/l) with the van Slyke factor 0.243 as described previously 10, 17 . The strong ion difference was calculated with the simple formula:
, neglecting other strong ions which play no major role under physiological conditions. Blood samples were taken before (t 0 ), immediately after (t 1 ) and 15 minutes after (t 2 ) abdominal lavage, from radial artery catheters inserted for clinical reasons, independent of the study.
Data are presented as median values with range and 95% confidence interval (95% CI) and statistical analyses were performed with a statistical package (SPSS 10.0, Inc. SPSS for Windows, Chicago). Analysis of variance (ANOVA) with Bonferroni correction was used for repeated measures to evaluate the overall course of the variables. The Mann-Whitney U test was performed to rule out differences between the peritonitis and the control group during t 0 , t 1 and t 2 . The paired Mann-Whitney U test was used to compare t 1 and t 2 with the baseline level t 0 within each group. A P<0.05 was considered statistically significant.
RESULTS
Twelve patients with peritonitis and nine patients for elective abdominal surgery were included in the study. In Table 1 demographic data, the origin of intra-abdominal infection, the number of surgical procedures performed and the total amount of irrigation fluid administered are shown. All patients in the 638 S. SCHEINGRABER, J. BOEHME ET AL control group had one single lavage procedure at the end of the operation. In the peritonitis group, patients had up to 13 abdominal lavage procedures on consecutive days. The surgical procedures in the peritonitis patients consisted of three (5%) major surgical resections (e.g. colonic resection), eighteen (33%) procedures with extended small bowel preparation and in 34 (62%) cases of a lavage alone without further surgical procedure. On two occasions one patient had the lavage on the intensive care unit (ICU) because he had high vasopressor requirements and required ventilation with 100% oxygen. Patients received approximately 400 ml of a balanced electrolyte solution (containing 140 mmol/l Na + , 5.0 mmol/l K + , 2.5 mmol/l Ca ++ , 1.5 mmol/l Mg ++ , 103 mmol/l Cland 50 mmol/l acetate) and 700 ml of colloid (containing hydroxyethylstarch, 154 mmol/l Na + , 154 mmol/l Cl -) for intravenous fluid therapy ( Table  2) . Twenty-four per cent of patients received fresh frozen plasma and 5% packed red cells. Because one patient received large amounts of fresh frozen plasma that could have influenced the total protein concen-trations and therefore the acid-base status, this patient was excluded from further analysis. Patients in the control group received balanced crystalloid infusions (6-8 ml/kg/h) exclusively during the abdominal lavage. Acid-base parameters that were conventionally determined with the aid of a blood gas analyser are demonstrated in Table 3 . At baseline there were significantly (P=0.04) lower baseline pH values at 7.440 in the peritonitis group compared to slight alkalaemic values of about 7.490 in the control group. However, the pH values in the peritonitis group increased up to 7.485 in the course of the lavage, such that there were no longer differences in pH observed between the two groups at t 1 and t 2 . As a moderate alkalaemia developed in the peritonitis group, the PCO 2 levels decreased continuously from t 0 to t 1 and from t 1 to t 2 . However, these values remained significantly higher in the peritonitis group compared with the control group throughout the study period. The median [sHCO 3 -] values showed a very small but significant (P=0.03) decrease in the peritonitis group from 29. 3 [Lac -] showed a slight increase to 2.1 mmol/l (P<0.01), which persisted at t 2 (P=0.02). In some patients from both groups [Lac -] increased to 10.3 (from 9.0 mmol/l). In contrast, in the control group there was no significant change in [Lac -] compared to baseline levels over the further course of the lavage. The [Prot -] decreased continuously from 48.0 mEql/l before to 43.5 mEql/l immediately after the lavage and to 43.0 mEql/l 15 minutes after the lavage in the peritonitis group. In the control group the [Prot -] remained stable at about 46.5 mEql/l. There were no significant differences in the mean [Prot -] values between the two groups. The same outcomes were observed for albumin values [g/l].
In Table 5 changes of acid-base regulating variables are shown. There was a very small pH increase in the peritonitis group, which was mainly due to the decrease in PCO 2 . However, there was also a decrease in the strong ion difference, [Prot -] and albumin in the peritonitis group, in contrast to the control group. No differences in sBE and non-significant differences in the sHCO 3 were observed between study groups.
Changes were generally very small apart from changes in P a CO 2 and [Prot -]. Median values immediately and 15 minutes after lavage were compared with baseline values before lavage (Mann-Whitney-U-test; *P<0.05) and between the groups at similar time points (Mann-Whitney-U-test; #P<0.05). Experimental models have shown that increased hydrostatic pressure during peritoneal dialysis affects the peritoneal fluid absorption rate 8 . Moreover, normal saline solution is usually used for irrigation and this solution has a low osmotic pressure compared with solutions used in continuous peritoneal dialysis. It has been postulated that acute inflammation alters the endothelial barrier of the peritoneum 9 . However, whether peritonitis makes the peritoneal surface more permeable, leading to increased susceptibility for fluid absorption during extended lavage procedures, has not been investigated.
DISCUSSION
Staff caring for patients being transferred from the intensive care unit to the operating theatre often change, so knowledge of relevant variables and their monitoring is important in order to deal with an abdominal lavage procedure safely. In this study we evaluated acid-base parameters to rule out the possible development of a metabolic acidosis during lavage, such as can occur after intravenous administration of large amounts of normal saline or with electrolyte-free fluid absorption after transurethral prostatectomy. Given that our patients also received a variety of intravenous solutions (crystalloids and colloids, fresh frozen plasma), the parameters we measured may have been influenced by intravenous fluid therapy as well as abdominal irrigation. Nevertheless, we did not observe the development of a marked metabolic acidosis, characteristic of large volumes of intravenous saline infusion, in either study group. Thus we can exclude any clinically relevant influence of the intravenous infusions, as well as significant fluid resorption of large amounts of normal saline from the abdominal cavity.
In this study the very moderate alkalaemia observed in the peritonitis group was mainly of respiratory origin. The patients in the control group were moderately hyperventilated. There was a trend toward hypoventilation in the peritonitis patients when they arrived at the operating theatre, probably due to the limits of the transportable ventilator. Despite the moderate alkalaemia in the peritonitis group there was a transient decrease in [sHCO 3 -] after lavage, which had resolved 15 minutes later. In this study we found a significant decrease in mean [SID] values, which were mainly due to an increase in the strong dissociated anions [Cl -] and [Lac -]. The increase of [Lac -] was probably due to bowel manipulation during the lavage, as patients in the control group also showed an increased [Lac -] at the end of surgery before lavage and abdominal closure. The source of the increase in [Cl -] was either intravenous fluid or minimal resorption of normal saline from the peritoneal cavity. However, the increase in [Cl -] influenced the [SID] only marginally and had no significant impact on the acid-base status.
Despite many patients receiving fresh frozen plasma, we found a reduction in total serum protein concentration during the lavage procedure. Unfortunately, we were not able to rule out whether this phenomenon was due to dilution of the serum protein concentration with absorbed fluid or real protein loss through the intestinal wall 24 . In summary, the alkalaemia seen in the peritonitis group 15 minutes after abdominal lavage was mainly the result of respiratory, and to a lesser degree metabolic, alterations. Our findings are that pre-existing sodium and chloride disturbances in ICU patients, which result from prolonged infusion therapy and modification of ventilation during transport to the operating room, have a more significant effect on the acid-base balance than any possible fluid resorption.
In conclusion, as development of metabolic acidosis was not observed during and after lavage, our results suggest that there is no clinically relevant peritoneal fluid absorption. However, as in theory larger amounts of irrigation fluid might lead to a marked hyperchloraemic acidosis, monitoring of the Stewart variables using our simplified model can be easily performed during routine clinical management and may help to differentiate acid-base balance regulating factors.
